ABSTRACT: Hematopoietic stem cells (HSCs) are pluripotent cells that give rise to all of the circulating blood cell types. Their unique ability to self-renew while generating differentiated daughter cells permits HSCs to sustain blood cell production throughout life. In mammals, the pool of HSCs shifts from early sites in the aortagonad-mesonephros region and the placenta to the fetal liver and ultimately bone marrow. During the past decade, a map of transcriptional activators and repressors that regulate gene expression in HSCs, their precursors and their progeny, at distinct stages of development has been drafted. These factors control a program that first establishes the pool of HSCs in the fetus, and later guides decisions between quiescence, self-renewal, and lineage commitment with progressive differentiation to maintain homeostasis. Continuing studies of the regulatory mechanisms that control HSC gene expression followed by the identification of specific loci that are activated or silenced during the life of an HSC will help to further elucidate longstanding issues in HSC decisions to self-renew or to differentiate, and to define the origins of and connections between distinct HSC pools and their precursors. (Pediatr Res 59: 33R-39R, 2006) 
A ll blood cells in the body derive from pluripotent hematopoietic stem cells (HSCs) through a progression of commitment and differentiation that begins with the generation of multi-potential and lineage-restricted progenitors. HSCs are unique compared with all other hematopoietic cells, as they have the ability to self-renew, and can thereby sustain blood cell production throughout a lifetime (1) . To match self-renewal with the production of mature blood cells from physiologic demand, an HSC must monitor and continuously choose between quiescence, self-renewal, and lineage differentiation. Importantly, self-renewal of an HSC can only be maintained in an appropriate microenvironment, the stem cell niche, which in adults has been identified in distinct locations within the bone marrow (2, 3) . Establishment of the pool of self-renewing HSCs during embryonic development is a complex process that involves multiple anatomic sites ( Fig. 1) (4, 5) . The process that initiates the future blood-forming system starts in the primitive streak in gastrulating embryos, when clusters of mesodermal cells commit to becoming blood cells (6) . Hematopoietic lineage specification proceeds through a bi-potential precursor cell, the hemangioblast, which in addition to blood cells gives rise to the endothelial cells that comprise the vascular system. The birth of nascent hematopoietic precursors is documented in multiple locations, first in the yolk sac, and slightly later in the mesenchyme that surrounds the large vessels in the embryo (i.e. the aorta-gonad-mesonephros (AGM) region and vitelline and umbilical arteries) and presumably also the placenta, which has recently been identified as a major source of HSCs during fetal life (7) (8) (9) . After hematopoietic commitment nascent hematopoietic precursors, or pre-HSCs, must develop further into functional HSCs, circulate to the fetal liver, and expand in number, to establish a stockpile of HSCs for the future. The challenge of fetal hematopoiesis is to provide the differentiated blood cells that are needed during fetal life while establishing and conserving self-renewal capacity in HSCs that are on a journey to an ultimate destination in the bone marrow.
HSC development, differentiation, and homeostasis are dictated by transcriptional regulators, which control gene expression under the influence of signals from the microenvironment. Each commitment step requires the activation of lineage-specific genes, while unnecessary and conflicting genes are concomitantly repressed (10) . This balance involves the concerted actions of multiple transcriptional activators, repressors, and epigenetic modifiers. Many of the key hematopoietic transcription factors were first discovered in leukemic cells, after which knockout studies in mice revealed important roles for these proto-oncogenes in normal HSC development or lineage differentiation (11) . However, as many of these regulators were essential for embryonic blood cell development and survival of the embryo, the requirement of these molecules at later stages of hematopoiesis remained unknown. Establishment of conditional gene targeting strategies made it possible to reassess these factors at later developmental stages and in distinct cellular contexts (12) . These studies have greatly extended our understanding about how HSCs develop and function, while changing existing notions about how fate decisions in the hematopoietic system are established and maintained. This review will focus on the hematopoietic transcriptional regulatory mechanisms that play key roles during the development and function of HSCs in the embryo and adult.
COMMITMENT TO THE HEMATOPOIETIC FATE
The hematopoietic program is specified from the mesodermal germ layer shortly after gastrulation in a process that is critically dependent on the bHLH transcription factor SCL/ tal1 (Fig. 1B) . SCL/tal1 (stem cell leukemia gene) was discovered in multi-lineage and T cell leukemias. Subsequent studies with SCL knockout mice and ES cells demonstrated a complete lack of hematopoietic cells and failed expression of blood-specific genes (13, 14) .
Contrasting the vital role of SCL during initiation of the hematopoietic program in the fetus, studies using SCLconditional knockout mice revealed that SCL/tal1 is dispensable for HSC development and function in the adult (15, 16) . Inactivation of SCL in adult hematopoietic cells by crossing mice that harbored loxP site flanked SCL loci with an interferon-inducible MxCre deleting strain showed that SCL deficient adult bone marrow HSCs are able to engraft, self-renew, and give rise to multi-lineage progeny in vivo. Furthermore, when a Tie2-Cre deleting strain cross was used to inactivate loxP site flanked SCL alleles during early stages of fetal hematopoiesis, establishment of the fetal liver HSC pool was largely unaffected (17) . These data showed that HSC development and function is not dependent on SCL expression once specification of the hematopoietic fate in the early embryo has been achieved. Yet, SCL remains essential for maintaining proper differentiation of primitive and definitive erythroid and megakaryocyte lineage cells in the yolk sac, fetal liver, and bone marrow (15, 17, 18) . These findings contradict existing paradigms of lineage specification, in which continuous expression of the transcription factor that specifies a lineage is required to maintain the lineage, and suggests that SCLinduced hematopoietic specification is a stable cell fate that is not challenged with loss of SCL later on in development. The critical target genes that SCL activates or represses during hematopoietic commitment are yet to be defined. Identification of these downstream molecules and the mechanisms by which their expression is subsequently maintained or repressed will be vital for understanding how the hematopoietic program is established and maintained.
EMERGENCE OF DEFINITIVE HSCS IN FETAL HEMOGENIC SITES
After the specification of hematopoietic fate, generation of adult-type HSCs is contingent on the emergence of definitive hematopoietic precursor cells in hemogenic sites in the AGM, vitelline and umbilical vessels, and placenta. This process is critically dependent on the transcription factor Runx1/AML1 (Fig. 1B) , a core-binding factor that is also commonly involved in chromosomal translocations in leukemia (19) . Primitive erythroid cells develop in the yolk sacs of Runx1/AML1 knockout embryos, indicating that hematopoietic development extends beyond commitment to hematopoietic fate. In contrast, definitive hematopoiesis in Runx1 null embryos is completely disturbed, as was shown by the absence of fetal liver hematopoietic progenitors and hematopoietic clusters in the lumen of the major arteries (19, 20) . In Runx1 knockout embryos in which the LacZ gene has been introduced into the Runx1 locus, ␤-galactocidase stained cells are found beneath the endothelium in sites where definitive hematopoietic cells emerge, defining the developmental stage and anatomic sites A) The pool of HSCs is generated during development through a complex process that involves several anatomical locations. The sites that are participating in hematopoiesis in mid-gestation mouse embryos are highlighted. B) Hematopoietic development starts in the primitive streak mesoderm and progresses to the yolk sac, AGM, and the placenta, where the first hematopoietic progenitors including HSC precursors are generated. HSC precursors mature into functional HSCs, seed the fetal liver where they expand and differentiate, an ultimately establish steady-state levels in the bone marrow, with a tightly regulated balance between self-renewal, quiescence, and differentiation. The critical transcription factors that have been identified in each of these processes have been highlighted.
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TEITELL AND MIKKOLA where Runx1 function is initially required (20) . Runx1 continues to be expressed in HSCs during subsequent development and into adult life (21, 22) . Surprisingly, crossing mice that harbored loxP site flanked Runx1 loci with an interferoninducible MxCre deleting strain showed that Runx1 is not critical for the function of definitive HSCs in the adult, yet continues to be essential in the lymphoid and megakaryocyte lineages (23, 24) . These results suggest that Runx1/AML1, like SCL/tal1, is critical for HSC development during a restricted period of time. Runx1 also remains essential at a later stage in HSC development than does SCL, as Tie2-Cre crossed loxP site flanked Runx1 embryos essentially recapitulated the original Runx1 knockout phenotype (25) , whereas a comparable cross with loxP site flanked SCL mice showed that an SCLdependent phase in HSC development had ended before Tie2-Cre mediated inactivation of the SCL loci was complete (17) .
HSC MATURATION AND EXPANSION IN THE FETUS
Since the description of the HSC and its central role in producing all other hematopoietic cells in the body, investigators have remained puzzled by the finding that the selfrenewing, adult-type HSC is a much later product of fetal hematopoiesis than the short-lived, lineage-restricted or multipotential progenitors. Indeed, adult-type HSCs that can robustly reconstitute hematopoiesis in irradiated adult recipients appear only around E11, although definitive hematopoietic precursors appear in the same hemogenic sites a few days earlier. The discordant development of various hematopoietic progenitors with in vivo engraftment and self-renewal ability could be explained in part by different hematopoietic programs that separately produce the early progenitors and the self-renewing HSCs. Indeed, this hypothesis seems to apply for yolk sac-derived primitive erythroid precursors. However, a non-exclusive alternative is that a maturation process occurs in which nascent HSC precursors acquire competence to function as stem cells in the adult environment. Such a maturation process is supported by the findings that HSC activity can be detected earlier if more permissive hosts, such as newborn mice or NK-cell deficient mice, are used as transplant recipients (26, 27) . However, due to a lack of markers and tools for lineage tracing, the relationship between definitive HSCs and various progenitor pools remains difficult to decipher, especially since developing HSCs shift locations multiple times during embryonic development.
Whatever the origin of distinct HSC pools, a molecule that is crucial for establishing a functional HSC is the Mll (mixed lineage leukemia) gene (Fig. 1B) , a chromatin modifier from the trithorax group (trxG). Although phenotypically distinct CD41ϩc-Kitϩ definitive hematopoietic precursors develop in vivo in Mll knockout embryos and in vitro in Mll-deficient embryoid bodies (EBs), they proliferate poorly in culture and fail to seed the fetal liver or reconstitute adult bone marrow upon transplantation (28, 29) . These defects might be explained by a proliferative disadvantage of Mll-deficient hematopoietic cells, or a lack of other qualities conferred by Mll that are essential for HSC trafficking and function. Interestingly, Mll activates the expression of various Hox genes (28), many of which have been independently shown to play a role in the proliferation of normal hematopoietic and leukemic cells. Strikingly, transient over-expression of Hoxb4 in yolk sac and EB-derived hematopoietic precursors conferred these cells with the ability to engraft adult recipients (30) by establishing as yet poorly-defined programs that are essential for HSC function. These programs are otherwise insufficient in EB-derived hematopoietic progenitors, which lack robust in vivo reconstitution and self-renewal ability despite the potential to differentiate into multiple lineages in vitro. Another regulator of Hox-gene expression, Cdx4, was recently shown to cooperate with Hoxb4 to enhance the in vivo repopulation ability and lymphoid reconstitution potential of ES cell-derived hematopoietic precursors (31) . These data suggest that Hoxb4 and Cdx4 together facilitate the critical maturation program in early HSC precursors that confers an ability to function as HSCs in vivo (Fig. 1B) . The expression of posterior Hoxa6, a7, a9, a10, b9, and c6 genes was increased due to Cdx4/Hoxb4 expression, suggesting that these genes play a role in establishing self-renewal ability in developing HSCs.
A significant challenge for stem cell biologists is to develop methods that facilitate HSC expansion in vitro without the loss of self-renewal ability. Interestingly, over-expression of the Hox genes has beneficial effects on HSC expansion. Overexpression of Hoxb4 in the bone marrow enabled HSC expansion in vitro and increased the in vivo pool size of HSCs after transplantation, without inducing leukemia (32) (33) (34) . Considering these findings, it was surprising that Hoxb4 deficient HSCs exhibited only subtle hematopoietic defects in vivo (35) , although it remains possible that important Hox gene functions were masked in knockout models by redundancies amongst Hox family members. Nevertheless, deletion of the entire Hoxb cluster (Hoxb1 to Hoxb9) was recently shown to be dispensable for hematopoietic reconstitution (36) . In contrast, inactivation and over-expression of the myeloid leukemia-related Hoxa9 gene was accompanied by HSC dysfunction and expansion, respectively (37) (38) (39) .
REGULATION OF SELF-RENEWAL VERSUS DIFFERENTIATION OF HSCS
By the end of gestation in mice, the skeletal system and bone marrow hematopoietic microenvironment have developed sufficiently and the main location of hematopoiesis shifts from the fetal liver to the marrow. At this time, the major expansion phase that establishes the HSC pool during fetal life ends, and the next challenge is to establish a steady state in which the number of HSCs and mature blood cells match and respond to current and future physiologic demands. Regulation of HSC numbers requires both the correct microenvironmental cues and intact signaling and nuclear machinery to recruit mainly quiescent cells from the HSC pool into executing programs for HSC self-renewal versus differentiation (2, 3, 40) .
A transcriptional regulator that has been implicated in regulating the balance between adult HSC self-renewal and differentiation by controlling interactions with the stem cell 35R niche is the proto-oncogene c-Myc (Fig. 1B) . Crossing mice that harbored loxP site flanked c-Myc loci with an interferoninducible MxCre deleting strain caused a severe pancytopenia with HSC accumulation in the bone marrow and increased expression of stromal adhesion molecules (41) . The increased number of c-Myc deficient HSCs was not the result of enhanced proliferation or reduced apoptosis but rather from severely impaired hematopoietic differentiation in all lineages tested. Furthermore, c-Myc deficient HSCs failed to reconstitute hematopoiesis when transplanted alone or in combination with wild type HSCs, as c-Myc deficient HSCs accumulated in recipient bone marrow without the generation of lineage committed hematopoietic precursors. In contrast, c-Myc deficient HSC failed to expand but could be induced to differentiate in vitro, indicating distinct c-Myc requirements for HSC proliferation versus differentiation that depended on noncellautonomous microenvironment conditions. Enforced c-Myc over-expression conversely showed an increased propensity for HSC differentiation, decreased levels of stem cell niche surface adhesion molecules, and a reduced capacity for long-term selfrenewal without affecting the overall rate of apoptosis.
Another transcription factor that regulates the commitment of HSCs along distinct differentiation pathways is the ETS family member Pu.1. Disruption of Pu.1 during development impairs the genesis of B-cells, monocytes, neutrophils, and eosinophils that manifest in the fetal liver. This developmental defect occurs during the generation of CLPs (common lymphoid progenitors) and CMPs (common myeloid progenitors) from HSCs, demonstrating that HSCs lacking Pu.1 fail to initiate a commitment to both myeloid and lymphoid lineages (Fig. 1B) . Interestingly, inactivation of the loxP site flanked Pu.1 locus after myeloid and lymphoid commitment demonstrated that Pu.1 continues to be essential for myeloid maturation, whereas its requirement for lymphoid development ends after a commitment to becoming a CLP.
Given the known roles of Pu.1 in lineage differentiation, the low level expression of Pu.1 in HSCs was thought to reflect lineage priming, a form of sterile transcription from selective open chromatin that could characterize early oligopotent stages in development without functional impact of the expressed genes (42) . However, Pu.1 is also important for maintaining HSC pools (Fig. 1B) . Crossing mice that harbored loxP site flanked Pu.1 loci with an interferon-inducible MxCre deleting strain resulted in Pu.1 deficient bone marrow HSCs that could not compete with wild type HSCs in steady-state hematopoiesis or in bone marrow reconstitution assays (42) . Furthermore, transplantation of a high dose of Pu.1 deficient fetal liver or bone marrow HSCs showed that Pu.1 deficient HSCs could home into the bone marrow as transient hematopoietic reconstitution was established. However, marrow failure ensued by 6 mo, demonstrating that Pu.1 is required for maintaining the pool of self-renewing HSCs in the bone marrow. Although multiple downstream target genes for Pu.1 during lineage differentiation have been described, the downstream pathways that control HSC maintenance are largely unknown. The versatility of Pu.1 in multiple stages of the hematopoietic hierarchy is likely to be facilitated by the preexisting status of the target cell, where availability of cooperating transcription factors, accessibility of specific genetic loci, and levels of Pu.1 probably dictate the outcome of Pu.1 regulated gene expression.
PATHWAYS REGULATING SURVIVAL OF ADULT HSCS
A transcription factor that is essential for maintaining survival of adult HSCs is Tel/Etv6 (Fig. 1B) (43) . Tel/Etv6 is also an ETS family transcriptional repressor that is a frequent target of chromosomal translocations in human leukemias (44) . Conventional Tel/Etv6 knockout embryos died by E11 from vascular abnormalities, while blood cell formation in chimeric fetuses was largely unaffected (45, 46 
REGULATION OF SELF-RENEWAL MACHINERY IN NORMAL AND LEUKEMIC HSCS
The self-renewal ability of normal bone marrow is limited to HSCs; however, leukemic cells also acquire a capacity to self-renew, allowing the production of unlimited progeny while differentiation into mature blood cells is inhibited. A key difference between normal and malignant stem cells is the ability for a normal stem cell to respond to instructive signals from its niche, whereas the option to regulate self-renewal is missing from malignant stem cells. Despite this difference, leukemic stem cells and normal HSCs share critical molecular programs to sustain self-renewal (40, 47) .
The self-renewal of both normal HSCs and leukemic stem cells is dependent on Bmi-1 (Fig. 1B) , a zinc finger transcriptional repressor from the polycomb group complex 2 (PRC2). Polycomb complexes are nuclear protein aggregates that control gene silencing by epigenetic modifications that include histone methylation, deacetylation, and possibly histone 2A ubiquitination. PRC2 proteins initiate gene silencing, while a related group of PRC1 proteins are required for the maintenance of gene repression. Bmi-1 was first identified as a cooperating oncogene that collaborates with c-Myc to pro-36R TEITELL AND MIKKOLA mote lymphomagenesis (48) . Bmi-1 knockout mice generated a normal number of fetal HSCs, whereas the pool of postnatal bone marrow HSCs became exhausted in young adulthood (47, 49) . Upon transplantation, Bmi-1 deficient fetal liver or bone marrow HSCs re-established a normal pattern of multilineage blood cell generation; however, hematopoietic reconstitution was only transient as the transplanted HSC pool was progressively depleted. Interestingly, functional integrity of Bmi-1 null HSCs in the fetal liver could be rescued upon reintroduction of Bmi-1 by retroviral infection, confirming that the original pool of HSCs was generated in the absence of Bmi-1, while Bmi-1 remained essential for HSC maintenance in the bone marrow. These results showed that the molecular mechanisms that control HSC self-renewal and expansion during fetal life are in part different from those that control HSC self-renewal and maintenance in the adult bone marrow. Gene expression profiling of Bmi-1 deficient HSCs showed that silencing of the cell cycle inhibitors p16
Ink4a and p19
Arf was relieved in the absence of Bmi-1, introducing the hypothesis of premature senescence as a cause for the depletion of Bmi-1 deficient HSCs (49) . However, as the cell cycle status and overall apoptosis of Bmi-1 null HSCs was not markedly different from control HSCs, it is likely that other, yet undefined pathways contribute to the self-renewal defect (50) . Conversely, over-expression of Bmi-1 enhanced symmetrical division of HSCs, leading to a higher probability of inheriting stemness through cell division and to a striking ex vivo expansion of HSCs (50) . Interestingly, Bmi-1 was also required for the maintenance of self-renewal in leukemic HSCs that were transformed by retroviral infection of collaborating oncogenes Hoxa9 and Meis1. Although acute myeloid leukemia formed in Bmi-1 null fetal HSCs, Bmi-1 deficient leukemic cells were unable to transfer disease to syngeneic recipients (47) due to replicative exhaustion and increased apoptosis. Rare high proliferation leukemic stem cell escapees also showed loss of G1 cyclin-dependent kinase inhibitors, suggesting clonal evolution of a cancer stem cell with genetic or epigenetic loss of growth control (47) .
COMBATING HSC EXHAUSTION
Replicative stress on bone marrow HSCs from processes like serial transplantation or aging causes a gradual decline in self-renewal capacity (51, 52) . This can be overcome by overexpression of Ezh2 (enhancer of zeste homolog 2) (Fig. 1B) , which is a polycomb group (PcG) protein and member of PRC2 (53) . Indeed, serial transplantation of retrovirallytransduced Ezh2 over-expressing HSCs supported long-term re-populating capacity and an increase in the HSC pool size without malignant transformation. Consistent with the notion that Ezh2 helps to maintain HSC renewal capacity, Ezh2 was abundantly expressed in isolated HSCs and then rapidly down-regulated with in vitro HSC differentiation. Furthermore, Ezh2 down-regulation was detected in aged HSCs relative to young HSCs (51) . However, the absolute dependence of HSC renewal on Ezh2 expression has not yet been determined with gene ablation or knockdown, an approach that provided the surprising result that Hoxb4 was not essential for HSC renewal despite its ability to promote HSC self-renewal when over-expressed (35) .
A transcriptional regulator that appears essential for combating exhaustion of HSCs is Gfi-1 (growth factor independent-1) (Fig. 1B) , a SNAG-domain-containing zinc finger transcription repressor that promotes growth factorindependent expansion and malignant transformation of lymphoid cells (54) . Gfi-1 null mice are viable at birth, but lack mature neutrophils, while morphologically atypical myeloid cells accumulate in the bone marrow (55) . A detailed inspection of the HSC pool demonstrated marked defects in Gfi-1 null HSCs. A severe competitive disadvantage of Gfi-1 null HSCs in transplantation assays and loss of Gfi-1 null hematopoietic cells in chimeric mice shortly after birth was observed (56) . Surprisingly, the frequency of phenotypic HSCs in Gfi-1 null bone marrow was increased compared with controls, although the functionality in competitive assays was severely reduced. It can be concluded that in contrast to Bmi-1 and Hoxb4, whose expression promotes HSC proliferation and self-renewal, Gfi-1 acts to suppress HSC proliferation, combating HSC exhaustion by replicative stress, and preserving HSC functional integrity for sustained hematopoiesis. A possible mechanism contributing to Gfi-1 growth restraint in HSCs is through the down-regulation of the cyclin-dependent kinase inhibitor and G1 checkpoint regulator p21 Cip1/Waf1 . p21 knockout mice exhibit loss of the HSC pool through serial transplantation; however, as the HSC defect in Gfi-1 null mice is much more severe than in p21 null mice, additional pathways are likely to be selectively regulated by Gfi-1. Furthermore, since Gfi-1 regulates proliferation of HSCs and myeloid cells differentially compared with lymphoid cells, the transcriptional targets for Gfi-1 are likely to be cell type and context dependent.
REGULATION OF HSCS BY EPIGENETIC MODIFICATIONS
Pluripotency as well as lineage differentiation depend upon specific chromatin organization, which is required for establishing and maintaining gene expression programs. Epigenetic modifications mainly target the protein or DNA components of chromatin to heritably modify patterns of gene expression. Post-translational modifications of exposed histone tail motifs create an intricate histone code, which, when combined with DNA methylation patterns form the major types of epigenetic regulation that contribute to environmentally responsive gene expression programs to generate HSCs and regulate their quiescence, self-renewal, or differentiation. The control of HSCs by trxG and PcG chromatin modifying proteins in the fetal liver and bone marrow confirms a critical role for epigenetic modifications in regulating HSC development and function. Consistent with this notion is the recent finding that the PcG protein Ezh2, which regulates adult HSC self-renewal capacity, binds DNA methyltransferases (DNMTs) and is required for DNA methylation and gene silencing (57) . The transcription factor Pu.1 also can participate in a co-repressor complex with histone deacetylase (HDAC) activity and directly binds DNMTs 3a and 3b to direct DNA methylation 37R (58, 59) . Furthermore, repression of gene expression by c-Myc is mediated by both passive interference with transcriptional activator binding and by direct recruitment of DNMT3a to specific gene loci (60) . Combined, an emerging link between histone and DNA modifying enzymes and key transcription factors that control HSC development and function strongly suggest a critical role for chromatin configuration in establishing and maintaining HSC gene expression programs. To more clearly understand these processes, global patterns for DNA methylation and histone modifications must be established for key genes at different stages and locations of HSC development. Elucidation of genome-wide and site-specific epigenetic markings may even provide new approaches to trace connections between distinct pools of HSCs and their precursors throughout early embryonic development into adulthood.
Interestingly, the effects of compounds that alter chromatin further implicate epigenetic modifications in the control of HSC development and function. Human CD34ϩ bone marrow cells exposed in vitro to a combination of 5-aza-2=-deoxycytidine (5aza), a DNMT inhibiting nucleotide analogue, and trichostatin A (TSA), a HDAC inhibitor, showed an increased proliferative potential and enhanced xenograft reconstitution capacity in immunodeficient NOD/SCID mice (61) . Valproic acid, a distinct type of HDAC inhibitor used clinically to treat specific neurologic disorders, augmented the expansion of cytokine-treated human CD34ϩ HSC isolated from cord blood, from bone marrow, or from mobilized peripheral blood in vitro, which could provide increased cell numbers for transplantation or gene and stem cell therapies (62) . Valproate exposure increased the proliferation and selfrenewal of human and mouse bone marrow HSCs and augmented the histone acetylation and expression of the HOXB4 gene, which may have a causative role in expanding the bone marrow HSC pool in vivo and in vitro (62, 63) . Valproate has an opposite effect on leukemic stem cells, causing reduced proliferation and enhancing differentiation, suggesting the intriguing possibility of simultaneously combating leukemia while enhancing the repopulation capacity of HSCs in vivo. Although the use of chromatin modifying compounds does not yet allow manipulation of specific loci, these findings encourage further studies to identify the target genes and their regulators that are involved in epigenetic control of HSC biology.
CONCLUDING REMARKS
While rapid progress in identifying the transcriptional regulators that control HSCs at various stages of development has been made, much remains to be done to identify the critical target genes that ultimately facilitate HSC generation and function, and to understand how these transcription factors form an interactive network that activate and silence the correct target genes at the right time. Furthermore, very little is known about the relative roles epigenetic modifiers and patterns of epigenetic modifications that control the establishment and maintenance of hematopoietic fate decisions, and facilitate maintenance of the perfect balance between states of HSC quiescence, self-renewal and differentiation to sustain blood cell homeostasis. Although global epigenetic regulatory mechanisms are the least well-defined controllers of hematopoiesis, their importance is clearly indicated by the functional outcomes that result from exposure to chromatin modifying compounds. Expanding our knowledge of the interrelationships between HSC transcriptional and epigenetic programs will provide an increasingly integrated model that can be used to address key unresolved issues in HSC physiology, which include the lineage tracing of precursors to adult-type HSCs during development, and defining the mechanism for establishing and maintaining stemness in the hematopoietic system.
